The circadian system maintains daily rhythms in many physiological processes in higher plants, ranging from growth to gene expression. Circadian timing is intimately connected to light signalling. Light-regulated elements are interwoven with the promoter sequences required for the circadian regulation of clock-controlled genes. Phototransduction also has a major influence on the period of circadian rhythms in plants, and may be required for the oscillator mechanism. Our understanding of the oscillator in plants is moving towards some major advances : newly-discovered rhythm mutants suggests closer links between light signalling, the circadian oscillator and transcriptional regulation.
INTRODUCTION
A ' lively debate ' inevitably follows any proposal to move the United Kingdom into the same time zone as the rest of Europe. This is (at least in part !) an indication of the importance that we attach to the timing of our daily activities relative to the day-night cycle. Circadian clocks represent Nature's adaptation to the Earth's 24-h rotation and its associated rhythms of light and temperature. These ubiquitous biological timekeepers have supported a boom in research activity over the last several years, in cyanobacteria (Johnson et al., 1996) , insects (Hall, 1996) , the filamentous fungus, Neurospora crassa (Dunlap, 1996) and other systems, some of which are reviewed together in dedicated journal issues (Loros, 1995 ; . A very wide range of processes is regulated by circadian rhythms in plants (Sweeney, 1987) , not all of which are directly related to photoautotrophy. Recent reviews on plant rhythms have concentrated on molecular and genetic data (McClung and Kay, 1994 ; Anderson and Kay, 1996 ; Beator and Kloppstech, 1996 ; Millar and Kay, 1997) but there are useful introductory chapters in several texts (Salisbury and Ross, 1992 ; Mohr and Schopfer, 1995) .
Circadian clocks from all systems share fundamental properties which are summarized in the simplest model in Fig. 1 . The three major parts of the clock are identified as the oscillator (blue), which generates the 24-h rhythmic period, the input signalling pathways (yellow) which carry light signals to reset the oscillator, and the output pathways (one is shown, green) from the oscillator to clock-regulated Abbre iations : CCGs, Clock-controlled genes ; CCREs, clock-regulated promoter elements ; CAB, chlorophyll a\b-binding protein genes ; det1, de-etiolated 1 ; toc, timing of CAB expression ; CGF, CAB GATA factor ; frq, frequency ; tim, timeless ; per, period ; wc, white collar.
* Fax j44 (0)1203 523 701, e-mail Andrew. Millar!warwick.ac.uk processes in the cell. This review touches on the rhythmic outputs from the circadian clock in higher plants, before concentrating on the influence of light signals, firstly where phototransduction shares the same cellular targets as circadian regulation, and secondly where they influence the circadian oscillator.
OUTPUT FROM THE OSCILLATOR As many processes are rhythmic in plants, so ' output ' signal transduction pathways must carry the timing signals from the circadian oscillator to the immediate effectors of those processes. The signalling intermediates are unknown. Circadian rhythms in gene expression have attracted the most attention in recent years ; clock-controlled genes (CCGs) provide molecular entry points to the circadian output pathways, through circadian clock-regulated promoter elements (CCREs) and their associated transcription factors.
The genes encoding chlorophyll a\b-binding proteins (CAB, also known as lhcb genes) are rhythmically transcribed, with a peak of expression in the mid-morning (4-6 h after dawn). Rhythmic transcription persists under constant conditions, but expression levels decrease over 2-4 d in prolonged darkness, due to the absence of light activation. The CAB promoter has provided a novel rhythmic marker, in combination with the luciferase reporter gene (White, Wood and Millar, 1996) : this CAB : luciferase fusion has been critical in identifying the arabidopsis CCREs and rhythm mutants discussed. CAB gene promoters have also long been models for light-regulated gene expression (Terzaghi and Cashmore, 1995) . CAB transcription is rapidly and transiently induced, peaking about 2 h after light exposure (this is known as the ' acute response to light '). This dual control by the circadian clock and by light allows the plant both to anticipate the regular light : dark cycle and also to respond rapidly to the changing light environment. It has not proved easy to distinguish CCREs from lightregulated promoter elements within the CAB promoters, though a partial separation has now been demonstrated. The smallest promoter fragments that support circadian rhythmicity of reporter genes in transgenic plants will also confer light responsiveness (Fejes et al., 1990 ; Anderson and Kay, 1995 ; Anderson et al., 1997) and gel-shift assays show that the relevant 36bp sequence in the arabidopsis CAB2 (or lhcb1*1 ) promoter is the target for a number of DNAbinding complexes . However, the CGF (CAB GATA factor) complex, which is required for the acute response of CAB to light (Anderson et al., 1997) , binds not to this region, but to an adjacent, conserved GATA motif. CGF, and its relative GT-1 (together with a non-light regulated factor) is sufficient to confer acute responsiveness to light (Puente, Wei and Deng, 1996) and to phytochrome microinjection (Wu, Hiratsuka and Chua, 1996) upon a reporter gene. These results indicate that CGF\GT-1 is involved more directly in the acute response to light than in the circadian regulation of CAB.
Two novel members of the myb family of transcription factors, CCA1 and LHY, are so far the best candidates for circadian-regulated DNA-binding proteins in arabidopsis (Wang, Kenigsbuch and Tobin, 1997 ; E. Tobin, pers. comm. ; R. Schaffer, N. Ramsay, I. Carre! and G. Coupland, pers. comm.) . Both genes are rhythmically expressed in wild-type plants, and CCA1 binds to a conserved site that lies within the 36 bp element of CAB2. CCA1 is also involved in the acute response to phytochrome, as depletion of CCA1 reduces the level of acute CAB induction in i o. The transcription of CCA1 is itself acutely and transiently induced by light, with a timecourse more rapid than that of CAB expression (Wang et al., 1997) : this suggests that while CCA1 may initiate CAB transcription, a decrease in CCA1 is insufficient to terminate the acute response of CAB. The other DNA-binding complexes at the CAB2 CCRE have yet to be identified.
CIRCADIAN GATING
At large in the cell, the timing signals join many other types of information in the signalling network, often converging on the same targets. This is particularly true of light signalling (phototransduction). Acute responses to light are not dependent on the circadian clock, but they are often modulated by the clock (Fig. 1 B) , leading to a rhythm in the responsiveness to light. For comparison, a similar circadian rhythm in the responsiveness to light is widely accepted to be the basis for photoperiodic time measurement in plants ( Thomas and Vince-Prue, 1995 ; King and Bagnall, 1996) . Both stomatal opening and CAB induction are rhythmically responsive to light. Blue light treatments are most effective at opening stomata during the subjective day (Gorton, Williams and Assmann, 1993) . CAB induction was measured using the luciferase reporter, in seedlings grown under light : dark cycles and transferred to a period of extended darkness . Maximal induction in response to 30 min of white light coincided with the peaks in the circadian rhythm of CAB expression in darkness. Most dramatically, there was little or no response to light during the first night, which is equivalent to the dark period of a light : dark cycle. These data indicate that a rhythmic signal from the circadian clock interacts with the phototransduction pathway to create a circadian ' gate ' : the acute response to light is observed only at circadian phases when the gate is open.
Gating mechanisms
The simplest model suggests that the circadian gate acts negatively, antagonizing the activation of CAB during the night (Fig. 2) . A previous ' gating ' hypothesis (Kay and Millar, 1993) suggested that the circadian rhythm of CAB expression in constant light could be due entirely to the rhythmic antagonism of a positively-acting phototransduction pathway. The acute response pathway does appear to be continuously active under constant light . Its contribution to CAB expression levels should then be phase-dependent, being greater during the subjective day, when the circadian gate is open. The phasedependent activation will specifically increase the peak expression levels, causing an increase in rhythmic amplitude rather than in the overall expression level. Consistent with this prediction, mutant CAB promoters that lack CGF binding have a lower rhythmic amplitude in constant light (Anderson and Kay, 1995 ; Anderson et al., 1997) . The CGF acute response element therefore contributes to amplitude of rhythmic transcription in constant light, but contrary to the original gating hypothesis, it is not the sole contributor : a ' basal ' rhythm persists in the absence of the acute response.
The gating mechanism may affect any level of phototransduction from the photoreceptor to the CAB promoter. The abundance of the photoreceptor proteins themselves is an unlikely target. The dynamics of the phytochrome species upon which the acute response depends (Reed et al., 1994) are either faster (PHYA is turned over within minutes of light exposure) or slower (PHYB is stable for more than a day) than the observed circadian rhythm. Circadian rhythms in the properties of phytochrome have rarely been reported (Horwitz and Epel, 1978) . In addition, the circadian gate is not specific to CAB : rhythms in light responsiveness have also been described for hypocotyl unhooking (Horwitz and Epel, 1978) in response to phytochrome. A second messenger pool that is controlled by the circadian clock could be involved, as suggested by a rhythm in cytosolic calcium concentration (Johnson et al., 1995) . Interactions among downstream effectors such as CCA1 and GT-1 are also possible.
The circadian clock may therefore have two types of output in the plant cell : a direct regulation, creating a circadian rhythm, and\or an indirect effect, modulating the response to a non-rhythmic signal. It will be extremely interesting to determine whether circadian gating extends to signalling pathways in addition to phototransduction. One might speculate that rhythmic gating would allow a wide range of responses to be ' fine-tuned ' appropriately for different times of day, even if the response was primarily to a non-rhythmic signal.
INTERNAL AFFAIRS OF THE OSCILLATOR
The critical function of the circadian oscillator is to generate timing signals with a period of approx. 24 h, which is far longer than most biochemical cycles and is also temperaturecompensated (Edmunds, 1988) . Research in various systems has generated diverse oscillator models, involving metabolite partitioning (Wilkins, 1992) , ion flux across membranes or gene expression (reviewed in Edmunds, 1988) . Most recently, the molecular analysis of mutant organisms with aberrant circadian rhythms has generated an attractive model of oscillators in drosophila and neurospora (Dunlap, 1996) . In these systems, critical ' clock genes ' are subject to rhythmic transcription, rhythmic translation, and the rhythmic interaction, phosphorylation and nuclear entry of their protein products. The negative feedback required to close the oscillator cycle occurs when the ' clock proteins ' suppress transcription from their cognate genes, by mechanisms as yet unknown. The model has withstood several tests, in the case of the genes frequency (frq) in neurospora, timeless (tim) and period ( per) in drosophila. Other predictions have yet to be tested, and although a putative orthologue of per has recently been identified in mammals (Sun, Albrecht and Lee, 1997) , the comparison of per and tim cycling in drosophila and the silkmoth has raised questions about the generality of the model (Hall, 1996) .
Genetic screens in the model plant Arabidopsis thaliana have uncovered analogous mutants, including more than twenty timing of CAB expression (toc) mutants Millar and Kay, 1997) and one circadian timing defecti e (ctd ) mutant (FettNeto et al., 1997) . A shortperiod line, toc1, was characterized initially. The 21-h period of CAB expression in this line is semi-dominant, a property it shares with all the period alleles of per and frq. The leaf movement rhythm also has a shortened period in toc1, though there are none of the morphological phenotypes associated with photomorphogenetic mutants . TOC1 may encode a component of the oscillator (see Fig. 1 C) , though an effect on an oscillator-specific step of the input pathway remains a possibility.
The ' canonical ' clock genes, per, tim and frq, stood out among the clock-affecting mutations because both long and short period alleles were recovered, together with arhythmic alleles. Several alleles of toc1 may already have been recovered, and this outstanding question will soon be resolved by ongoing characterization and molecular cloning (Steve Kay, pers. comm.) . An interesting class of arhythmic mutants has been identified more recently, though their function in the circadian system is unclear (see below).
INPUT TO THE OSCILLATOR
The ' input ' signalling pathways transduce environmental signals, particularly light, to reset the circadian oscillator, ensuring that the biological clock is set to local time. The period of the circadian oscillator then matches the environmental day\night cycle, or in chrono-vocabulary, the oscillator is ' entrained ' (Johnson, 1994) . The daily phase shifts are probably mediated by the rapid, light-induced synthesis (in the neurospora model) or destruction (in drosophila) of an oscillator component (Dunlap, 1996) . Entrainment depends on a balance between phase advances and phase delays, in contrast to the cell cycle, for example. Cell cycle checkpoints maintain intracellular synchrony only by delaying some processes until others have been completed (Carr, 1997) .
The cues for entrainment
Natural light-dark cycles include a period of continuous illumination and specific changes in light quality, in addition to the light-dark transitions at dawn and dusk. Any or all of these could be used as entraining cues or ' zeitgebers ' (literally, time givers). The importance of light quality is largely untested, though specific molecular responses to ' twilight ' have been identified (Carabelli et al., 1996) . Many species are entrained largely by the light-dark transitions (referred to as discrete or non-parametric entrainment) ; the intervening period of illumination contributes mainly under long photoperiods (continuous or parametric entrainment, Pittendrigh and Daan, 1976 ; Crosthwaite, Loros and Dunlap, 1995) .
Discrete entrainment can operate in plants, as indicated by studies with light pulses (for example, Simon, Satter and Galston, 1976) . Some plant rhythms are entrained to a constant phase relative to the last light-dark or dark-light transition, suggesting that this is the predominant zeitgeber (see references in Thomas and Vince-Prue, 1995 ; Millar and Kay, 1996) . Other rhythms can entrain to a range of phases, depending on the photoperiod of the entraining cycle : the 1-h phase delay of Daylight Saving Time is the human equivalent. The rhythm of CAB expression, for example, peaks shortly after lights-on under short photoperiods, but closer to mid-day under long photoperiods . There is no constant phase relationship with either lights-on or lights-off, suggesting that both signals contribute. The entrainment of end-of-day markers has not yet been tested : if their phase changes as a mirror-image of CAB, this implies that the relevant output pathways are independently phased.
Continuous light also has a very profound effect on the period of some plant rhythms. The period of CAB gene expression in arabidopsis increases from 24n5 h in the light to about 30 h in prolonged darkness, for example. The effects of phototransduction mutants suggest that this is a continuous scale, controlled by the light input pathways from phytochrome and from an unidentified blue light receptor . Similar, but less dramatic, period-shortening effects of light are widely observed in diurnal animals (as codified in ' Aschoff's rules ' ; Johnson, 1994 ).
An essential accessory to the oscillator
Such manipulation of the input pathway with light treatments can not only alter the period of the oscillator but, in some cases, drive the oscillator to apparent arhythmicity, for example in drosophila under bright light (Konopka, Pittendrigh and Orr, 1989) . Mutations can exaggerate these effects. Arabidopsis detiolated 1 (det1 ) plants have an 18-h period in darkness , which has not been phenocopied by any light treatment of the wild type (Millar, 1994) .
Formal analysis indicates that a positive input is required to sustain the oscillator, which would damp out if only the negative feedback mechanism required for oscillation was present. The molecular oscillator models include negative feedback at the level of ' clock gene ' transcription : recent results suggest that the input pathway provides the necessary, positive transcriptional activation, at least in neurospora. The only two neurospora mutants that eliminate all known light responses are also arhythmic. These white collar (wc) genes encode zinc-finger proteins, which bind to light-regulated promoter sequences (Ballario et al., 1996 ; Linden and Macino, 1997) and probably activate frq transcription (Crosthwaite, Dunlap and Loros, 1997) . Most intriguingly, both WC proteins contain a region of homology to PER (the PAS domain), which is required in drosophila for interaction with the TIM protein (Dunlap, 1996) . PAS domains have also been identified in eukaryotic and prokaryotic photoreceptors, including phytochrome (Lagarias, Wu and Lagarias, 1995) . These data point to a close relationship between phototransduction pathways and the circadian oscillator, both in their present function and in evolution.
A target of circadian control
Given that the circadian gating mechanism can affect light responsiveness, and that the circadian input pathway is itself light responsive, it is only a small conceptual step to suggest that the gating mechanism also affects the input pathway (illustrated in Fig. 1 D) . An output from the clock would, in other words, modulate the light input signals to the clock, weakening light signalling to the oscillator at certain phases. Such gating could be responsible for the ' dead zone ' (Crosthwaite et al., 1995) , a large portion of the subjective day during which many species show small or no phase-shifts in response to light (Johnson, 1994) . Neurospora lacks a dead zone and, consistent with the model, shows equivalent activation of frq transcription in response to light at all phases, indicating that this putative mechanism of phase shifting is not gated (Crosthwaite et al., 1995) .
This influence of circadian output on the input pathway can create an ' outer loop ' in the clock model, for which there is good evidence in other species. In pacemaker neurones of the marine snail bulla, for example, membrane potential is both an input and an output component (Block et al., 1995) . In mammals, the synthesis of the hormone melatonin is circadian-regulated, but melatonin also phaseshifts the circadian clock (Zatz, 1996) . A mutation that blocks the outer loop should not stop the oscillator, but it would affect circadian rhythms in the intact system, possibly altering the phase of entrainment, the period and\or the waveform of overt rhythms.
NOVEL, ARHYTHMIC MUTANTS
The extended model (Fig. 1 D) may not be essential to understanding the oscillator mechanism in its most reduced form. The ' central oscillator ' is not yet available in such splendid isolation. The complexity of intact organisms can reveal the limitations of the simplest models, as has recently been demonstrated by three new arabidopsis mutants. A combination of molecular and genetic approaches, however, suggests that this complexity need not condemn the field of circadian rhythms to a 7-year plague of pathway diagrams and anonymous arrows ! The recessive early-flowering 3 (elf3 ) (Zagotta et al., 1992 ) and the dominant LHY overexpressor (R. Schaffer and G. Coupland, pers. comm.) were originally recovered for their photoperiod-independent flowering, in contrast to the facultative long-day-dependent phenotype of wild-type arabidopsis. They are early-and late-flowering, respectively, compared to the wild-type in long days. A transgenic line overexpressing CCA1 has a phenotype very similar to the LHY overexpressor (E. Tobin, pers. comm.). Photoperiodism depends on the circadian clock for its timing component, and on photoreceptors (King and Bagnall, 1996) . A photoperiodic mutant might therefore carry a primary defect in either the circadian clock or in phototransduction, rather than a component specific for photoperiodism. Indeed, CAB expression and leaf movement were shown to be arhythmic in plants of all three lines grown under light : dark cycles and transferred to constant light E. Tobin, pers. comm. ; N. Ramsay, I. Carre! and G. Coupland, pers. comm.) , and CAB expression was also arhythmic in darkgrown elf3 plants after a red light pulse (Anderson et al., 1997) . Three results suggested that elf3 retains some circadian control . Firstly, CAB expression increased before dawn in light-dark cycles : such dawn anticipation is a common feature of circadian rhythms. Secondly, the rhythm persisted for at least one cycle in lightgrown plants transferred to darkness (leaf movement could not be tested). Thirdly, dark-grown elf3 plants had a normal CAB rhythm in the superno a background [the sn mutation allows detection of the weak CAB : : luciferase expression in etiolated plants, without affecting CAB rhythms (D. E. Somers, AJM and S. A. Kay, unpubl. res.) . The arhythmic phenotypes were therefore conditional on the illumination of the plants, suggesting that the mutation affects an interaction between light and the circadian system. Two recent results reinforce this conclusion (AJM, unpubl. res.) . Firstly, CAB expression in elf3 plants transferred to darkness retains the familiar, photoperiod-dependent pattern of entrainment, which strongly implies the presence of a circadian oscillator under light : dark cycles. The phase in elf3, however, is shifted about 2 h earlier than the wild type, under each condition tested. Secondly, elf3 impairs the circadian gating of the acute response of CAB to light.
All the phenotypes discussed above seem to be clockrelated. All three lines also have elongated hypocotyls under light : dark cycles, however, a phenotype that is usually associated with photoreceptor mutants but is notably absent in toc1. The elf3 hypocotyl phenotype lacks the wavelengthspecificity typical of a photoreceptor mutant (Zagotta et al., 1996) . This apparent dichotomy may now be resolved, for hypocotyl elongation also seems to be regulated by the circadian clock (Schuster and Englemann 1997 ; M. J. Dowson-Day and AJM, unpubl. res.) : aberrant circadian rhythms could therefore affect the hypocotyl. The activity of phototransduction pathways inhibits hypocotyl elongation : one may speculate that circadian gating of these pathways would allow elongation to proceed only when the gate was ' closed ', perhaps during the night phase. The aberrant circadian rhythm in elf3 might ' close ' the gate at most or all phases, preventing the daily inhibition of elongation, and resulting in a longer hypocotyl. There is clearly more work to be done, but it is quite possible that all of the known phenotypes in the overexpressors and in elf3 are caused by a defect in the circadian system.
The functions of ELF3, LHY and CCA1 in circadian timing
The function of ELF3, and hence the mechanism of the rhythm defect in elf3, is not yet clear. The three general models (Fig. 1 D) are not mutually exclusive. Firstly, the circadian oscillator may still be running relatively normally in elf3, though its effect is masked (as in some drosophila mutants ; Hardin, Hall and Rosbash, 1992) under constant illumination. ELF3 might thus encode an upstream component common to the output signalling pathways that control many rhythmic markers : the circadian gating mechanism is a good candidate for such a component. CAB and the other circadian targets would retain control by nonrhythmic pathways. A light-dependent pathway, such as the acute response of CAB, might then mask whatever rhythmic output remained in elf3 under constant light, but this rhythm would be revealed in darkness. Aberrant entrainment can readily be explained by an outer loop (see Fig.  1 D) , by which the defective gating mechanism would also affect the input pathway.
Secondly, the circadian oscillator may have stopped in elf3 under constant light, due to a defect in the light input pathway . The oscillation would resume in darkness, as the aberrant pathway would be less active. The input defect in elf3 could either exaggerate the normal control of period, driving the oscillator to an excessively short period, or it could render an essential accessory function of the input pathway (as in neurospora) aberrantly light-sensitive. Other drosophila mutants (Matsumoto et al., 1994) , including alleles of per (Konopka et al., 1989) , can similarly alter the threshold for light-induced arhythmia in drosophila.
Thirdly, ELF3 may be required for a light-specific oscillator, though a second oscillator remains active in darkgrown seedlings and in dark-adapted, green plants. The ' dark ' and ' light-induced ' rhythms of CAB expression that co-exist in dark-grown plants provide a possible model for this dual-oscillator system (Kolar et al., 1995) . Similarly, the two circadian oscillators of the unicellular dinoflagellate, Gonyaulax polyedra, are only dissociated under specific lighting conditions (Roenneberg and Morse, 1993) . Lastly, the nominally-arhythmic null mutants of frq exhibit ' residual ' circadian rhythms, though these are not temperaturecompensated (Loros and Feldman, 1986) , indicating that an (other ?) oscillator is retained in the absence of frq.
A more detailed investigation in wild-type and elf3 arabidopsis will now be required to determine whether the ' dark ' rhythm in elf3 shares the properties of the wild-type ' light ' rhythms, including temperature compensation and TOC1-dependence. If so, this would suggest that both rhythms may be driven by a single oscillator, of which ELF3 cannot be an essential component. The forward genetic approach will soon end in the molecular cloning of the ELF3 gene (K. Hicks and D. R. Meeks-Wagner, pers. comm.), however, and more direct tests of its function in the circadian system.
Gene expression data is already available for CCA1 and LHY. Most interestingly, the circadian rhythm in the expression of these genes is lost in the overexpression lines, suggesting that the rhythm may be produced by transcriptional autoregulation (E. Tobin, pers. comm. ; I. Carre! and G. Coupland, pers. comm.) . The number of different rhythmic phenotypes affected in the overexpressors suggests that these genes function closer to the oscillator than another autoregulated CCG, CCR2 : the overexpression of CCR2 affects only the rhythm in CCR2 RNA (Heintzen et al., 1997) . It remains to be determined whether manipulation of CCA1 and LHY (and later, of ELF3 ) activity can alter circadian phase or period in predictable ways, as expected of oscillator components, and whether their rhythmicity is absolutely required for overt rhythms in the organism. Functional redundancy may hinder this analysis, but at the very least, a number of known components are now becoming closely associated with the arabidopsis circadian clock.
